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with incidence angle. At wavelengths equal to twice the step height, the
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anale, transmission coefifcients vary strongly with frequency. Because of
trequency-dependent phase shifts, the transmitted and reflected waves are
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The effect of the steps on the propagation of Rayleigh waves is
Ademonstrated by convolving synthetic dispersed wave trains with the impulse
tresponse of the scale models. The ocean-continent margin of the western
United States is modeled as a 60° ramp scaled to 60 km height. The Tibetan
i'lateau is modeled as a broad mesa scaled to 40 km height. In both models
the azimuthal dependence of transmitted Rayleigh waves is similar to that
observed at WWSSN stations for Rayleigh waves crossing the modeled
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ABSTRACT
The eflects of topographic features on Rayleigh wave propagation and scaller-
ing are investigated in the laboratory using three-dimensional ultrasonic
models. .Starting from simple steps, different topographic features are modeled.
b ‘ The effects of these features on Rayle}i/g‘h wave transmission and scattering are
examined as a function of wavelength nd as a function of angle of incidence.

In general, backscattered or reflected Rayleigh waves are small compared t»

transmitted waves. A significant fraction of the Rayleigh wave energy is scat- - 4
tered into body waves. Transmission and reflection coefficients (transmitted or
reflected energy/incident energy) computed from spectral ratios vary strongly ~
with incidence angle. At wavelengths equal to twice the step height, the frac- .
tion of incident energy scattered into body waves ranges from more than 90% at :
norral incidence to about zero at near-grazing incidence. At each angle,

-1

transmission coeflicients vary strongly with frequency. Because of frequency-

dependent phase shifts, the transmitted and reflected waves are distorted.

The eflect of the steps on the propagation of Rayleigh wavesg'is demon-
straled by convolving synthetic dispersed wave trains with the impulse response
of the scale rmodels. This is done using the transmission response function at
the appropriate angle and from the simple modcl described above and convolv-
ing with the input wave function. The ocean-continent margin of the western
United States is modeled as a 60“:;ramp scaled to 60 km height. The Tibetan
Plateau is modeled as a broad mesa scaled to 40 krn height. In both models the

azimuthal dependence of transmitted Rayleigh waves is similar to that observed

at. WWSSN stations for Rayleigh waves crossing the modeled terrestrial struc-
tures. I'he actual physical modelling of the plateaus is now underway using sim-

ple shapes (such as circular mesas) at first.
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INTRODUCTION

Rayleigh wave propagation in strongly-varying structures is a complex pro-
cess well suited to analysis by ultrasonic modeling methods. Until recently,
ultra<onic modeling of surface wave transmission and scattering has heen lim-

ited to two dimensions. In this paper we report on a series of ultrasonic model-

ing experiments investigating the propagation and scattering of Rayleigh waves

by simple three-dimensional topographic features. :
Rayleigh waves propagating in two dimensions through simple steps or :

around corners and in wedges have been studied experimentally by a number of

investigaters (de Bremaccker, 1958; Kato and Takagi, 1956: Lewis and Dally, F

1970; Knopoff and Gangi, 1960; Pilant et al., 1964; Martell et al., 1977, and Nath-

man, 1980}. Detailed 'snapshots’ of the complete stress field of Rayleigh waves

scattered in wedges have been obtained using photoelastic methods (Lewis and

Dally, 1970).

Develcpment of theoretical and numerical methods of synthesizing Ray-

leigh waves scattered from simple structures has typically lagged behind exper-

irmental results. Rayleigh wave transmission and reflection coefficients across

E ve rtical boundaries in two dimensions have been calculated using approximate
F" ' variational methods (e.g. McGarr and Alsop, 1967). Recently, synthesis of comn-
i,' plete seismograms of Rayleigh waves reflected from, and transmitted through, a
_ vertical step has been performed using the finite-difference method (Toksdz
E 198.2; Fuyuki and Nakano, 1984). In three dimensions, numerical computations
t. are lunited .

Approximate methods to estimate transmission and reflection coefficients

of Raylegl waves incident al steep angles on a vertical boundary have, how-

LA AR G W B
* . P

ever, been developed (Malichewsky, 1978; Chen and Alsop, 1979).
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Scaltering of Rayleigh waves in three dimensions can be investigated in the

I laboratory using ultrasonic methods. Rayleigh wave propagation in three- !1

: dimensions has been studied using realistic three-dimensional scale models of j

surface topography (e.g. Toksdz, 1983). In such models even a simple input

i - pulse is severely distorted by the complex structure. Subtle effects of topogra- r-i

phy on Rayleigh wave propagation and scattering are thus easily obscured by ‘."._:

:’j the complexity of the model. An important step toward an understanding of :

e

I surface wave scattering in three-dimensions is the investigation of propagation _j
L

in simple modeis of canonical form.

e .
PPy

In this paper, we investigate Rayleigh wave scattering from step and ramp-

type topographic discontinuities and study their implications for surface wave

propagation across major features such as ocean-continent boundaries and

Tibet.
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EXPERIMENTAL METHOD

The model used in this study consists of a solid block (200x200x100 mmg)
of alurninum. Steps of various height and geometry are milled into one of the
large fares (Figure 1).

The ultrasonic source and receiver each consist of a 2.256 Mliz P wave

transducer coupled to a lucite wedge. The geometry of the wedges is such that

P waves generated by the transducer excite Rayleigh waves in the aluminum -

4
with high efficiency. Similarly, the transducer is an efficient Rayleigh wave sen- '
sor. The radiation pattern of the transducer-wedge combination is highly -“
directional; at an angle of 10° from the axis of the central lobe, peak cnergy is -3

—

reduced Lo less than 25% Lhe axial peak energy. The combination of these 1‘
fe-atures makes the transducer-wedge combination especially useful when work- -j_.::
ing with a low-loss medium such as aluminum; attenuation can be neglected in 4
the analysis of Rayleigh wave propagation, and the observed Rayleigh waves arc '::.':
uncontaminated by body waves multiply reflected at the edges of the model. i
Peak energy of Rayleigh waves traveling on the aluminum block (Vp = 6.4 >'.~<
km/seo; Vg = 3.2 km/sec; cp = 3.0 km/sec) lies in the range 0.2-2.0 Mk, 2
{(A=1.5—15 mrm). In this frequency band the spectrum is repeatably obtained ';
frorm a given model and source-receiver configuration. We therefore take Lhis 1

as the usable bandwidth of the modeling experiments. Because the model is
essentially a half-space, only fundamental-mode Rayleigh waves are observed.

Since o half-space is non-dispersive to Rayleigh waves, the half-space Rayleigh

I T
WA R

wavre represents the impulse response of the transducers and recording system.

»

2

When a Rayleigh wave encounters a step some of the incident cnergy s -]
tanstmtted through the step, some is reflected from Lthe step, and sone is con- :
«

verted to body waves (de Bremaccker, 1958; Knopoff and Gangi, 1960; Martol et o
al 1977, Toksiz, 1983). In general the effciency of Lransanssion through o .
)
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reflection from a step depends on the wavelength relative to the step height
(e.g. McGarr and Alsop, 1967). In order to facilitate comparison of models with
different step heights, therefore, wavelengths are normalized to the step height.

The "normalized frequency”, f is obtained from the scaling relation

F=bL-2 (1)

where [ is the frequency, ¢ is the phase velocity, A is the wavelength, and h is
the step height. For a given step height, the range of usable normalized fre-
quencies is limited by the usable bandwidth of the modeling experiments. This
is an important consideration when the model seismograms are scaled to
correspond to real Farth seismograms. Transmission and reflection coefficients
calculated from Rayleigh waves traveling across steps of various heights indi-
cate that the model scaling relation (Equation 1) is generally appropriate over a

wide range of frequencies and step heights.

We define the the Rayleigh wave energy transmission coefficient, by, as

[ |4

Fr(f) = [Ar(f)

Ao(f)

where Ay‘(f) is the Fourier amplitude spectrum of the transmitted Rayleigh

, (2a)

wave, and .4c(f) is the amplitude spectrum of the Rayleigh wave propagating
across the aluminum half-space. The reflection coefficient, Ep, is defined in an
exactly analogous way:

[

P [
Bn(F) = |22

Ao(f)

where Ap(f) is the arnplitude spectrum of the reflected Rayleigh wave.

: (2b)

Transmitled Kayleigh waves are recorded by keeping source and receiver
al opposite points on the diameter of a circle centered on the step (see Figure
1), Reflected waves are ohserved by placing source and receiver at equal angles

from the normal to the strike of the step. Incidence angle is measured from Lhe

-5
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MODFELING RESULTS o

Yy

]

VERTICAL STEP MODEL -
Figure 2 shows seismograms of Rayleigh waves transmitted acrnss a 3mm i‘

vertical step at incidence angles ranging from 15° through 90° (normual
incidence). The small signal arriving about 1 usec before the Rayleigh wave <

an S wave excited at the step. At a given incldence angle the waveforms for the

case of up- and down-step transmission are essentially identical. Note that not 2]
only prak amplitudes decrease by a factor of two to four or more, but also the 1
waveform changes strongly as a function of angle of incidence. At normal 1
incidence {(0=90°) transmission coeflicients (Figure 3) agree well with those ]

-
obtained for a two-dimensional step using theoretical (numerical) calculations T
(Drake, 1972; Martel et al., 1977; Fuyuki and Nakano, 1984).

At normal incidence the fraction of transmitted energy (E7) seldorn }
exceeds 20% within the usable frequency band. This represents a loss of over 4
807 of the incident Rayleigh wave energy to reflected surface waves and con-
verted body waves. N

8

Reflected Rayleigh wave seismograms are complicated by the presence of

:

double reflections, separated by about 2 usec (Figure 4). In Figure 4A, the first ]

{

reflection corresponds to the Rayleigh wave reflected from the bottom edge of 4

the step; the second to the Rayleigh wave reflected from the upper edge afler )
propagating up the face of the step. These are further complicated by multiple

scattering and Rayleigh to shear scattering. Reflections from a down-step (Fig- -

ure A1) arc much larger than those from an up-step (Figure 4A). Also, shapes of -

daw -step reflected waveforms are different from those of up-step. They do not ]
extnbit the strong incidence angle dependence. Similar differences in up-step,

dAown-strp scattering of Rayleigh waves have heen nhserved in two-dimensinonal j

-7- )

" 9

-l - T e e : 3 Al A m ek M P A m A mPal atal a4 A _a_ e . v o L L 2 a .J




T Cam e e e b ) - o — » Ry
. PR » V.G A i St gk O B B A e S b s B ey ]

[ ]
——
S
. "‘
]
L
r-~1
" -..ll
modeling experiments {(e.g. Nathman, 1980). LI
In general the reflected energy is very small, particularly al norins! or K
near-norrmal incidence (Figure 68). At most angles and frequencies, reflected K
rnergy acronnts for no more than 10-20% of the incident energy As the ) e .,
incidence angle becomes more grazing the reflected energy increases rapidly,
)
sspectaliv for wavelengths approximately equal to three times the step hoeight DR
.

’\f SIVERS l
3
It o< clear from Pigures 3 and D that the efficiency of body wave scaltering 1
o ctrongs dependent on the angle of incidence. In the 3 mm step model. at j
waveh ngths equal Lo one-half the step height (the first maximum in Figure 3) a

1Y 1 E 24 k ®
1
s e T of the medent, energy s scattered to body waves. As the incidence ]
e e eeases ta near 07 {grazng incidence), this figure drops to aboul zero. o

[ J
SRR AR IR, Il
(' cvvestigate the effect of a more gradual change of elevation, the 3mm L

N . . .
fowoas tapered o a slope of B0 from the horizontal (see Figure 1), Distortion

®
¥ oooth transmutted and reflected waveforms is strong, particularly at normal 1
st oenr cormal incidence (Figure 8). -]
.’ q
Pricegy transmission cocfTicients for this model (Figure 7a) are generally SRR

. . . -~ L J
<t thian those for the step model (Figure 3b) at frequencies below f&0.0. ]
: q R
N crgy nunnmum near fROY at normal incidence is considerably smaller R
tha o corpesponding munimuam for Lhe step model. Reflected energy (Figure R
2 -
A e asiderably smaller than for the case of the vertical step (Figarc 4a). ® r
S

S dagore reflect o s however, apparent at all angles. Tnterfercenee botween

tre tan reflections and the seattered body waves contribule to the complexaity -y
R
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Figure 10. The region in h-A space in which the ultrasonic model results from
the dmm models may be reliably used. Units of h and A are arbitrary. In the
shaded areas repeatability and consistency of a given experiment s not
assured. The usable and unusable regions are demarcated by Lhe maxumnun and
tunnum usable normalized frequencies. The box shows the region allowed for
modeling Rayleigh waves in the period range 15-40 sec (50-190 km wavelength).
Thus step heights in the range 30-100 km may be modeled successfully over
this period range.

Figure 11 A0 WWESN vertical component re()or(iizrl‘gs of the Rayleigh waves from
an carthquake in the Loyalty Istands (9,/6,/81, 11702740.8%; 21.488° S, 169.600
Eodepth=31 km, 1, =59, M_=6.2). The angle at which the great-circle crosses
the continental rmargin is shown next to the continental stations. B. Model syn-
thetic sesimograms using the 3mmy, 80° ramp scaled to 80 km height.

Figure 120 Rayleigh wave paths across the Tibetan Plateau from an explosion at
the Top Nor test site (14 October, 1970). Reproduced from Bird {(1976). Inset:
Unrec-dimensional model of the Tibetan Plateau used to generate model-
<yuthielie seismograrmns for the paths Lop Nor-NDI and Lop Nor-SIiL.

Figure 170 Comparison of real seismograms (solid lines) with model-synthetic
wosmograms (dashed lines) using the lens model of Figure 12. All seismograms
frave been low-pass filtered at 10 second period.
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Figure 1. Geometry of the models used in this study. Source transducer is
lecated at point S, Reflected or transmitted waves are recorded at points R or
T. Cross sections of two steps used are shown below.

M Pum’ a2 a2 a s

| S

. Figure 2. Waveforms of Rayleigh waves transmitted across a 3mm vertical step.
The top trace is the input signal. The small pulse arriving 1.0 usec before the
Rayleigh wave 1s an S wave excited at the step. The vertical scales on the
seismograms have been expanded by the scaling factors shown at the start of
each trace. A: Transmission in the up-step direction. B: Transmission in b
down-step direction.

s Aa e e a e

Ficure 3. Fnergy transmission coefficients for the Rayleigh waves in Figure 2
'he horizontal axis is normalized frequency (fz —)—\—) where h is the step heght

and A is the wavelength. Curves are shown for three angles of incidence. A
Transmission in the up-step direction. B: Transmission in the down-step direce-
Lion.

Figure 4 Waveforris of Rayleigh waves reflected from the 3mm vertical step. ]
Note: the secondary reflection corresponding to a reflection {rom the upper .
adge of the step. A: Reflection from the up-step. B: Reflection from the down- -
step. '

Figure 5. knergy reflection coefficients for the reflected Rayleigh waves in Fig- e
ure 4. Note the change of vertical scale from Figure 3. A: Reflection from the b
up-step. B Reflection from the down-step. :

Figure 8. Sersmograms of Rayleigh waves transmitted across (A) and reflected -4
from (B) the Smm, 80° ramp. Propagation is in the up-step direction The - 1
.Y

sercrmograms in (B) were high-pass filtered at 0.3 MHz at the time of recording
Lo rntrance the signal-to-noise ralio.

Pgure 7. Energy transmission and reflection coefficients for the Rayleigh waves _
in Prgure 6 A Up-step transmission. B: Up-step reflection. Note the difference 1
in the amplitude seales -

Figure 3. BEnergy transmmssion data of Figure 3a afler application of the empiri-

e

cal retation of Dyualion (). The Lransmission curves for the different incidence
argles now eopnede -
.o
- 9
- . o
Figure 9 The offict of the Smin vertical step (A) and ramp (B) models on a o]
dispersed wave traa The ainput signal {top trace) is a linear chirped simusoid, A
whose tregqueney mereases from 0.2 to 2.0 Mtz an 60 usce. The corresponding X
range of the ratio of step height Swavelongth (f)is0.2to2. o
‘-l

. .‘1
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f which surface waves cross regions of strong structural contrast. In basin-and- —
. N

range provinces, for example, where crustal Rayleigh waves traverse numerous
steps, strong effects can be expected due to compounding of the effects
suffervd by passage through a single step.

The ultrasomic model-synthetic method may prove useful in more general

problems of three-dimensional surface wave scattering, particularly in situa-

tions for which analytic or numerical solutions are difTicult to obtain. |
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model-synthetic data. :1
The agrecment between real and modeled waveforms is generally good, :__‘(
particularly at longer periods (Figure 13). Note that the relative amplitudes ‘
helween SHI, and NDI are similar for both the observed and model-synthetic 1
) seismograms. No attempt has been made here to model the small-scale scatter- —:
ing in Tibet and the Himalayas; the short period (<15-20 sec) components of the 'j
waveforms therefore do not match as well. r_
=

3

CONCLUSIONS .

Using three-dimensional ultrasonic modeling technigues, transmission and J
reflection coefficients as a function of wavelength and incidence angle are '1

obtained for Rayleigh waves propagating in simple step models. The efficiency of

Rayleigh wave transmission and reflection varies strongly with both incidence

PR N}

angle and wavelength. Al some incidence angles and frequencies as much as =

E

90% of the incident Rayleigh wave energy is scattered into body waves. 1

‘J

. 4

Transmission coeflicients obtained at normal (90°) incidence agree with those o

oblained with two dimensional modeling methods and two-dimensional finite- >

y

difference methods. An empirical relation between transmission coefficients at "

3

different incidence angles is obtained for the case of a vertical step. This rela- R

tion may be applied to two-dimensional theoretical (numerical) calculations of ]

propagation in more complicated structures to obtain estimates of Rayleigh —14

wave transmission coefficients at oblique incidence angles. ; ::‘

The effect of simple structures on Rayleigh wave propagation in the Earth "‘f‘

' 1s dermonstrated by convolving the impulse response of Lthe models with real or - 9
- 1
- 1
- synthetie dispersed wave trains. Some observed features of Rayleigh waves 1
b 1
: crossing an ocean-continent margin and the Tibetan Plateau are similar to :
’ 3
[. those predicted from model results. The method may be applied to studies in .
;_‘ 5
; 3
4 -
. 15 )
¢ .
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r
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angle governed by Snell's law (e.g. Fvernden, 1953; Capon, 1970). Using the
coast and ocean models given by Drake and Bolt (1980) we find that, in the
period range of interest in this example (15-40 sec), Rayleigh waves incident on
the coast at incidence angles greater than 30° are refracted laterally by no
more than about 6°. This is within the uncertainty (+10?) in the estimate of

incidence angle and so is not an important consideration in this example.

THE TiBETAN PLATRAU

The Tibetlan Plateau is often regarded as an isostatically-compensated
block >f uplifted crustal rock with an average elevation of 5 km {e.g. Bird and
Toksdy, 1977). According to the ultrasonic modeling results, we expect that
Raylcish waves crossing the margins of such a block will be scattecred at the
edges H»f the block and the waveforms distorted. To investigate the effect of Lhe
Tibetay Plateau on Rayleigh waves propagating across it we compare real and
model-synthetic Rayleigh wave seismograms for the propagation paths shown in

Figure 12,

The Tibetan Plateau is modeled here as a cylindrical lens with eflective
height of 40km above average terrain (Figure 12, inset). The lens itself lies on a
half-space. The lens includes the effects of both the elevated topography of the
Tibetan Plateau and the deep crustal root of the limalayas. Model-synthetic
Havlen h seismograms are generated by convolving an input waveform with the
irnpalse response of the step model appropriate for ecach of the Ltwo edges of the
lenss Aecause the Tibetan Plateau is wide compared to a Rayleigh wavelength,
interfls rence armsing from mualtiple reflections from opposite edges of the Pla-
tac e neglected Sinee there are no WHSEN stations on the northiern front of
the PL teaa, we use the Rayleigh wave recorded at KBLL as an input signal Lo the

L model The regional attenuation model of Bird (19768) 1s apphed to the

-14.
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THE OCEAN- CONTINENT MARGIN

The incidence angle dependence of Rayleigh wave transmission across the
ocean-continent margin can be seen in recordings of teleseismic oceanic Ray-
leigh waves made at coastal stations. For example, Figure 11 shows Rayleigh
waves recorded at WWSSN stations on the west coast of the United States from
an earthquake in the Loyalty Islands. The incidence angle is taken to be the
angle between the great-circle path and the continental shelf. For paths t»
BKS, COR and LON, the angles are 90°, 80°, and 45° respectively. Among the
continental stations in this example, epicentral distance ranges from 87.2"
{BKS) to 91.9* (LON). Great-circle azimuths vary by no more than about 1¢ and
source radiation patterns would have the same effect at these stations.
Differences between the seismograms recorded at the continental stations are
therefore primarily due to variations in the incidence angle. At normal
mcidence (BKS) most of the Rayleigh wave energy is confined to the first dozen
or so cycles, after which time the amplitude decays rapidly to a small value. As
the incidence angle decreases to near-grazing, the initial 'packet' of energy
broadens and the rate of amplitude decay decreases. This trend is consistent

with that observed in the chirped sine synthetics (Figure 9).

Synthetic Rayleigh wave seismograms were generated for a pure oceanic
path using the PEM-0 model (Dziewonski et al.,, 1975) and convolved with the
impulse response of the 3mm ramp models, scaled to a height of 60 km (Figure
11b). The model-synthetic seismograms exhibit azimuthal behavior similar to
that of the real seismograms (Figure 11a).

In this example we have assumed the Rayleigh waves propagate on the
great circle path between snuree and receiver, In fact, the velocity contrast
across the ocean-continent margin in the Karth is such that Rayleigh waves of a

given period traversing the margin will deviate from the great-cirele path by an

-13-
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Ly .,V -
k = (—_—.)( V“ )' "
Lo " Vm >
and Ty, ly. and Vy are characleristic times, lengths, and velocilies, respectively o
in cither the model (m) or the Barth (e). .
In general, the terrestrial scale length appropriate for a given physical :_?
N
problem is considerably greater than that which would be indicated by surface
i
topography alone. In discussions of terresirial scaling, the terresirial scale f:
length 1s not to be interpreted literally as the dimension of any real structure; "y
it is simply the characteristic dimension of a highly simplified model. The topo- "-j
graphic expression of the physical model includes the combined effects of ler- -
restrial topography and deep structure. The ultrasonic step models described B
in the first section of this paper represent a very simplified approximation to .—;
complex boundaries of vertical heterogeneities of the earth structure. It is still f_j
worthwhile, however, to investigate whether models produce effects similar to i
=
those observed in the earth. ,
We Lake as the input signal for a given model a real or synthetic terrestrial :::
seismogram. The seismogram is resampled at a rate determined by the inode! =
tl
scaling factor, and convolved with the irnpulse of the model. The result of the .
ronvolution is resampled to restore the seismogram to its original (terrestrial) o
&
time scale. =
Because the usable frequency of Rayleigh waves in the modeling experi-
ments 1s himited to the band 0.2—2.0 MEz, the range of normalized frequencies
avatlable for scale modeling is also limited. The range of step heights and _
@
< wavelengths which may be modeled reliably given the band-limited nature of - ~
b .
[ the ultrasonic pulses shown in Figure 10. -
.- -
p. - o .
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impulse response of 4 given model for waves propagating in a given direction 1s

RN o

i thus the result of decvonvolving the transducer/recording system impulse ]
3
. response from the recorded signal. In the frequency domain we may write
y
o _
Y o Sﬂ(e'u)
T (Ow) = —/———+~ (4)

Sns () =
where 7‘,,,(9;&)) is the complex transfer function for the desired rmodel at
incidence angle 0, S’m(O;w) is the complex Fourier spectrum of a Rayleigh wave
propagaling across the model at angle 0, a',,\.,(a)) is the half-space Rayleigh wave

spectrum, and © is the angular frequency. The inverse Fourier transform of

AL

this quantity vields the impulse response of the given model.

As a test of the effect of a step on a dispersed wave train, a chirped

ey

sinusoid was convolved with the impulse response of the 3mrn vertical step and
ramp models at several incidence angles (Figure 9). At some incidence angles
and frequencies the envelope of the wave train drops to near zero, suggestive of
the “beating” phenomenon frequently observed in seismograms of Rayleigh )
waves propagaling across ocean basins. This beating is usually attributed to
mu'tipathing due to lateral heterogeneities along the propagation path
(Fvernden 1953,1954). At least part of the amplitude modulation of dispersed
Rayleigh wave trains observed in the Earth may be due to propagation across

sharp structural fealures such as those modeled here.

In order to investigate the effect of simple steps on Rayleigh wave propaga-

tion in the karth, the physical dimensions of the model are scaled to

correspond with those of some realistic Barth structure. The scaling factor

relating the physical dimensions of the Farth to those nf the model is given by

’

.l Lhe linear relation (White, 1985): -
Im = kTg, (5)
where the scaling factor k is given by
]
_1 ]_

]

. ) - . ) o 't -
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m using the empirical t ction

5 " J min(90°) :

[ n(®) = =B (3a)
. S wan(®) sin®

ﬁ where fmm(@) is the value of f at which the first minimum in the transmission
b curve appears. When this relation is applied to the entire transmission curve

the curves al each incidence angle can be made to coincide (Figure 8). In

terms of the effective step height at angle ©, Equation (2a) implies

h'a/f (@) = hsin® (Bb)

To a firsl approximation the transmission coefficient for an arbitrary incidence
angle can Lthus be cstimated from the normal incidence transmission coefficient
using this empirical relation. This approximation is poor, however, al incidence

angles shallower than about 30°.

Because of 1ts strong incidence angle dependence, the reflection

coefficient for the step is difficult to model with a simple empirical relation.

IMPLICATIONS FOR THE, EARTH

One of the most interesting features of the ultrasonic results is Lthal both
transnutted and reflected Rayleigh wave pulse shapes are severely allered as a
resull of inleraction with the various steps. The waveform distortion is due to
the  combined effects of frequency-dependent energy transmission and
reflection and interference of waves multiply reflected within the step. More
complicated input signals, such as dispersed wave trains, can be expected to
undergo similar kinds of angle-dependent waveform distortion after propagat-

g across a step.

I'he effect of a given model on a surface wave signal is delermined by con-
volving the desired input signal with the impulse response of the model. As
noted earlier, the Rayleigh wave propagating across the aluminum half-space

represents the impulse response of the transducers and recording system. The

-10-
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Note that in the case of the ramp model the frequencies have been normal-
ized to a step height of A=3.0 mm; in fact this normalization is arbitrary. While
the vertical change in elevation is indeed 3.0 mm, the distance from the lower

edge to Lthe upper edge as measured along the ramp surface is actually larger
than this (;}rl? where a is the ramp angle). This distance may also enter into
1

the scaling relations. Direcl comparisons between step and ramp transmission
and reflection coeffeients may not, therefore, be appropriate when scaled tc

the same step height.

AZIMUTHAL DEPENDENCE OF SCALING

In the models discussed above, the character of the transmilted and
reflected waveforms changes most rapidly as the incidence angle decreases
betow about 30°. it is in the range 0° to 30° that the behavior of Rayleigh wave
propagation departs most strikingly from that predicted by two-dimensional
theoretical and approximate methods. At incidence angles greater than 30°
simple ernpirical relations can be found between the results obtained al normal

and oblique incidence.

In the case of transmission through the vertical step {(Figure 3), note that
the energy transmission minimuam near f=0.5 at normal incidence moves to
higher frequency as the incidence angle decreases. The equivalent effect 1s
observed for normally incident waves when the step height is decreased. This
suggests that the effective step height is dependent on incidence angle. That is,
as the incidence angle decreases the incident Rayleigh wave "sees” a shorter
step. The functional dependence of effective step height on incidence angle is
estirnaterd by finding a simnple functional relation between incidence angle and a
particular feature in the transmission curves. The normalized frequency at

which the first minimum occurs in the transmission curves is approximated well
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